With a small double-mirror setup, we used grazing-x-ray interferometry to study nanometric steps. These one-dimensional steps were microfabricated upon the surface of one of the two mirrors; the other mirror provided the reference wave. Two geometries were studied. In the longitudinal case in which the x rays are parallel to the step edges, it is straightforward to determine the step size. In the transverse case, one deals with Fourier holography, and a reconstruction process for a phase object had been demonstrated for the case of a single step.
Introduction
Until a few years ago, synchrotron radiation sources had appreciable spatial coherence only for soft x rays, and interferometric methods ͑e.g., determination of optical constants of materials 1 ͒ had been developed in the 2-10-nm range. Recently sources such as that at the European Synchrotron Radiation Facility in Grenoble, France, attained sufficiently large spatial coherence in the hard-x-ray range to allow experiments on Fresnel-zone phase contrast imaging [2] [3] [4] and photon correlation ͑speckle͒ scattering [5] [6] [7] to be performed. The spatial coherence of an optical wave front, defined quantitatively by the mutual intensity function, can be experimentally determined-and is in fact operationally defined-by Young's experiment with a variable slit separation.
For an x-ray beam it might be more convenient to use reflecting optics because it is not easy to achieve thick double slits with a short and variable distance between them and because the edges of the slits reflect and add spurious radiation to the interference pattern. Moreover, a mirror setup has more degrees of freedom, and we have shown that with two small Fresnel mirrors at grazing incidence it is possible to measure the spatial coherence in both the vertical and the horizontal directions. 8 Here we analyze the possibility of using this two-mirror apparatus to make holograms of nanometric surface reliefs upon a flat surface.
Two-Mirror Setup
The geometry of the experiment is shown in Fig. 1 . A synchrotron beam is reflected by two mirrors at a grazing angle of incidence . The mirrors have size A, separation distance D, and relative height h; L is the distance from the detector to the mirrors. Typical values are D, 1 cm; A, 1 mm; h, 0-10 m; and L, and 5 m. The angle of incidence is less than 1 mrad, and the reflected beam at the detector is z ϳ 10 mm above the direct beam. By changing the angle of incidence we change the relative distance between the mirrors across the beam. We can also rotate one of the mirrors with respect to the other. Rotation about the direction of propagation the horizontal coherence properties to be studied, whereas rotation about the other horizontal axis displaces the reflected beam in the vertical plane. Elevating one of the mirrors produces a variation of the distance between the mirrors as seen from the detector, and the opposite variation as seen from the source ͑Figs. 1 and 2͒.
Longitudinal Geometry
Vertical displacement of one mirror by h produces a variation of the optical path length of the reflected beam ⌬ ϭ 4h͞ sin . At 0.1-nm wavelength and 1-mrad angle of incidence, h ϭ 50 nm produces a 2 phase shift. Special care has to be taken for stability. We used this effect to study model systems, i.e., mirrors consisting of steps a few hundred nanometers in size produced by either lithography or UHV deposition ͓Fig. 3͑a͔͒. If the transverse width of the steps is a few hundred micrometers wide, we can consider the detector to be in the near field, and the pathlength difference produces a phase shift in the interference pattern. Figure 3͑b͒ shows typical steps measured on a molecular beam epitaxy sample ͓Fig. 3͑a͔͒ at a 0.44-mrad grazing angle. Agreement of the experimentally determined step size was found within the specifications of the mirror fabrication.
Transverse Geometry
We considered the case of a simple step ͑two terraces͒ with a step height of 10 nm. The terrace widths in this case are compressed because of the grazing incidence. The detector can be considered to be in the far field; i.e., we are in the Fourier holography regime.
A. Measurement
The first aspect to consider is the inclination of the mirrors. Mirrors of size A and distance D are seen from the detector with projected cross section size a ϭ A sin and distance d ϭ D sin , where ϳ z͞L is the elevation angle of the detector. The interference pattern produced by two rectangular slits has the well-known expression I͑z͒ ϰ sinc͓kz a͑z͒͞L͔sin͓kz d͑z͒͞L ϩ ͔. This shows that the spatial frequency of oscillation is linearly changing with z, as can be seen from the spectrogram. The measured intensity as a function of CCD pixel height ͑z͒ is shown in Fig.  4͑a͒ .
We obtain the spectrogram ͓Fig. 4͑b͔͒ by plotting the Fourier transforms of sections of the image. Figure 5 shows the intensity ͑and its spectrogram͒ of the hologram corrected for the inclination effect.
The intensity produced by the two mirrors is
where I r , and I o are the intensities produced by the reference mirror and the object mirror, respectively, and ϭ a͞L is the angular distance between the two mirrors as seen from the detector. The phase difference ␦ between the complex amplitude of the object and reference waves is assumed to be slowly changing with z.
B. Principles of Object Reconstruction
By Fourier filtering we separate the low-frequency term I l ͑z͒ ϭ I r ϩ I o and the oscillating ͑high-frequency͒ term I h ͑z͒ ϭ ͌ ͑I r I o ͒. It is easy to invert the system of equations:
We obtain two solutions; if the two beams are intentionally not well superposed at the detector we know which one is higher and thus can disentangle them ͑Fig. 6͒. Once the two intensities are separated we can use them to reconstruct the step. If we neglect the relative curvature of the wave fronts emerging from the two mirrors, the phase of the reference beam is 0 or . Knowing the amplitude and the phase of the object wave, we can apply a Fourier transform to reconstruct the object mirror ͑Fig. 7͒.
The resolution is limited by the angular range of detection; the angular range in which the reference beam is not negligible is inversely proportional to the projected size of the reference mirror. Thus the object features that can be studied are in the range of the size of the reference mirror. For a mirror of few millimeters, at 1-mrad incidence, the reference beam is few micrometers. In any case, for the object ͑the step͒ to be observable it must produce a nonnegligible phase shift ͑2h sin ͞ Ͼ 0.1͒; hence a step size as small as ϳ5 nm can be detected.
Conclusions
Using an apparatus developed for measurement of the spatial coherence of a hard-x-ray beam, we have analyzed the possibility of getting holographic information on nanometric reliefs upon a flat surface. We have measured stepped surfaces in both the transverse and in the longitudinal directions.
This study has shown that reconstruction of the object mirror is possible, although with a resolution not comparable with that from an atomic-force microscope. However, this apparatus could be used for the study of time-varying surface reliefs under external constraints ͑e.g., a magnetic field͒, and one could also make it element selective by tuning the x-ray wavelength. Therefore it can be interesting to try experiments in which these specific advantages can be utilized.
